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OBJECTIVE

Excessive iron intake has been linked to diabetes risk. However, the evidence is
inconsistent. This study examined the association between dietary heme and
nonheme iron intake and diabetes risk in the Chinese population.

RESEARCH DESIGN AND METHODS

Weincluded17,026adults (8,346menand8,680women)whowerepartof theChina
Health and Nutrition Survey (1991–2015) prospective cohort. Dietary intake was
measuredby threeconsecutive24-hdietary recalls combinedwithahousehold food
inventory. Diabetes cases were identified through a questionnaire. Cox propor-
tional hazards models were used to estimate hazard ratios (HRs) and 95% CIs.

RESULTS

Atotal of 547menand577womendevelopeddiabetes during202,138person-years
of follow-up. For men, the adjusted HRs (95% CIs) for quintiles of nonheme iron
intake were 1.00, 0.77 (0.58–1.02), 0.72 (0.54–0.97), 0.63 (0.46–0.85), and 0.87
(0.64–1.19) (P-nonlinearity5 0.0015). The corresponding HRs (95% CIs) for women
were 1.00, 0.63 (0.48–0.84), 0.57 (0.43–0.76), 0.58 (0.43–0.77), and 0.67 (0.49–0.91)
(P-nonlinearity < 0.0001). The dose-response curves for the association between
nonheme iron and total iron intake and diabetes followed a reverse J shape in men
andan L shape inwomen.No significant associationswere observedbetweenheme
iron intake and diabetes risk.

CONCLUSIONS

Total iron and nonheme iron intake was associated with diabetes risk, following a
reverse J-shaped curve inmen and an L-shaped curve inwomen. Sufficient intake of
nonheme or total iron might be protective against diabetes, while excessive iron
intake might increase the risk of diabetes among men.

Diet plays an important role in the development of diabetes (1). In addition to the role
of macronutrients (2), excessive iron intake has been linked with an increased risk of
diabetes (3). Iron is a critical element, participating in many vital cellular functions,
including constitution of hemoglobin, oxygen delivery to tissues, DNA synthesis,
mitochondrial electron transport, andmuscle function (4). However, free iron is toxic.
It damages cellular macromolecules and promotes cell death and tissue injury through
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the Fenton andHaber-Weiss reaction (5).
In previous studies, excess accumulation
of iron and associated oxidative stress
(which can damage the islet cells, affect
insulin secretion, and exacerbate insu-
lin resistance) have been proposed as
possible mechanisms of iron-induced di-
abetes (3,6).
The association between iron and di-

abetes was first reported in patients with
agenetic iron-overloaddisorder, specifi-
cally, hereditary hemochromatosis (HH)
(7). The prevalence of diabetes among
patients with HH ranges from 25 to 60%
(8). Nevertheless, other studies revealed
that moderately elevated iron levels,
within a range significantly lower than
seen inpatientswithHH,wereassociated
with impaired insulin sensitivity and
increased risk of diabetes among oth-
erwise healthy individuals (9,10). How-
ever, available evidence is inconsistent.
For example, some studies (11,12) have
observed nonlinear relationships between
ferritin and diabetes risk; the Atheroscle-
rosis Risk in Communities study (13), fol-
lowingadjustmentformetabolicsyndrome
components, reported a negative associ-
ation between ferritin and diabetes risk.
Many epidemiological studies have

explored the association between intake
of dietary iron and risk of diabetes. Two
systematic reviews (14,15), including
four and five prospective studies, respec-
tively, concluded that higher heme iron
intake is associated with a greater risk
of type 2 diabetes. In contrast, evidence
from prospective studies for the associ-
ation between diabetes and total dietary
iron andnonheme iron intake ismixed. In
fact, some studies reported no associa-
tion (16–18), while others reported a
positive association (19,20), and yet an-
other reported a negative association
(21). Among these studies, two (19,22)
involved the Chinese population. Results
from participants based in the Jiangsu
province (19) showed that heme iron (in
men and women) and total iron (in men)
intake were positively associated with
the risk of hyperglycemia. Moreover,
results from Chinese descendants based
in Singapore (22) showed heme iron, but
not nonheme iron, to be associated
with a higher risk of diabetes. In addition,
a study involving the Japanese population
(20) reported that dietary intake of total
and nonheme iron, but not heme iron,
was positively associated with the risk
of diabetes.

PopulationsofWestern countries tend
to consume animal-based diets, while
populations of Eastern countries, such as
China, tend to consume plant-based di-
ets, characterized by higher quantities of
vegetables and fruits, and lower quan-
tities of animal-based products. This type
of diet has been referred to as a “pro-
tective dietary pattern” against diabetes
(23). According to our calculations, heme
iron constitutes ;4% of the total iron
intake in a Chinese diet (24), which is
much lower than 10–15% previously re-
ported for Western diets (25). Despite
theseestimates, thetwostudiesthatwere
based on Chinese populations (19,22)
reported that heme iron accounted for
.10% of the total iron intake. Because
the participants of these studies either
were from an economically developed
region of China or had settled in a de-
veloped country, we believe that these
results are not representative of a typical
Chinese diet. Therefore, the current study
aimed to prospectively examine the as-
sociation between heme and nonheme
iron intake and diabetes risk in a large
sample in China that consumes a predom-
inantly plant-based diet.

RESEARCH DESIGN AND METHODS

Study Population
The current study used data from a sub-
cohort of the China Health and Nutrition
Survey (CHNS). CHNS is an ongoing, open,
prospective cohort study in China, with a
total of 10 rounds already completed. The
survey was approved by institutional re-
view boards at the University of North
Carolina, Chapel Hill (Chapel Hill, NC), and
the National Institute of Nutrition and
Food Safety, China Center for Disease
Control and Prevention (Beijing, China),
and each participant provided written
informed consent. The cohort profile is
described elsewhere (26).

CHNS included 36,387 participants
with disease history and physical exam-
ination data available from1991 to 2015.
The current study included adult partic-
ipants aged $18 years. We excluded
participantswhowerepregnant, nursing,
or disabled; had unavailable or incom-
plete diabetes information; or were lost
to follow-up after the baseline or first
survey entry in 2015. We also excluded
participants with missing or implausi-
ble energy intake information (.5,000
or ,700 kcal/day), a baseline diagno-
sis of diabetes, or a history of stroke,

myocardial infarction, or any type of
tumor at baseline. These diagnoses were
excludedbecause they can lead to changes
in diet and lifestyle. Finally, a total of 8,346
men and 8,680 women were included
(Supplementary Fig. 1).

Assessment of Dietary Intake
Dietary intake assessment in CHNS in-
volved three consecutive 24-h dietary
recalls for participating individuals and a
household food inventory, which in-
volved the weighing and measuring of
products (used to obtain information on
edibleoils and condiments consumption)
over the same 3 days (2 weekdays and
1 weekend day). All field workers were
trained nutritionists professionally en-
gaged in nutrition work in their own
counties who also had participated in
other national surveys. A study that
evaluated the accuracy of the dietary
assessment method used in this survey
compared with the household food in-
ventory weighing method reported a 1%
relative difference (74 kcal/day) for total
energy (TE) intake between these two
methods (27).

Nutrient intake was estimated bymul-
tiplying the consumed volume of each
food item by the nutrient content of a
standard portion size (100 g, on the basis
of the Chinese Food Composition Tables
[28–31]) before nutrient intake for all
food items was summed. Heme iron was
estimated as 40% (32) of the total iron
available in meat items, including live-
stock, poultry, and fish (offal items were
included in the corresponding meat
group). After log-transformation, the in-
take of each nutrient or food group was
adjusted for TE intake for men (2,451
kcal/day) and women (2,090 kcal/day)
using the residual method (33). In the
analyses, cumulative average intake val-
ues of each nutrient from baseline to the
survey before outcome identification
were used to reduce within-subject var-
iation and best represent long-term di-
etary intake.

Measurement of Nondietary Risk
Factors for Diabetes
Demographic and lifestyle information
was obtained through questionnaires,
including age, residence area (urban,
rural), highest education level (low [pri-
mary school and lower], middle [lower
middle school, upper middle school, and
technical or vocational school], high
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[college, university, and higher]), smok-
ing status (former or current, never), and
alcohol consumption (yes, no). Body
weight and height were measured by
well-trained investigators who followed
standardmeasuring procedures (34). BMI
was calculated as weight in kilograms
dividedby the squareof height inmeters.
Physical activity level (PAL) was quanti-
fied intomultiples of basalmetabolic rate
(BMR) in our analysis: 1.33BMR for very
light (for both sexes), 1.6 and 1.53 BMR
for light, 1.7 and 1.6 3 BMR for mod-
erate, 2.1 and 1.93 BMR for heavy, and
2.4 and 2.23 BMR for very heavy inmen
and women, respectively. Per capita an-
nual household income was divided into
quartiles (low, medium, high, very high).
Forall nondietary covariates,weused the
baseline year measure.

Outcome Identification
The participants had been asked to re-
port their previous history of diabetes
with a questionnaire-based interview at
each follow-up since 1997. The questions
were posed as follows: 1) “Has a doctor
ever told you that you suffer from di-
abetes? If yes, 2) how oldwere youwhen
thedoctor toldyouabout sucha situation
(years), and 3) did you use any of the
following treatments, such as special
diet, weight control, oral medicine, in-
jection of insulin, Chinese traditional
medicine, home remedies, or qigong (or
spiritual treatment)?” For each survey,
diagnosis of diabetes was confirmed if at
least one of the three answerswas yes. In
addition, blood samples were collected
and assayed, and the data were available
only in 2009. Therefore, an additional
fourth criterion (i.e., fasting blood glu-
cose $7.0 mmol/L or HbA1c $6.5% [48
mmol/mol]) (35) was added for outcome
ascertainment in 2009. As such, if at least
one of the three answers concerning di-
abetes was yes or the fourth criterionwas
met, diabetes diagnosis was ascertained
in 2009. Information on incident diabetes
before 1997 was indirectly deduced from
answers to subsequent questionnaires
returned by the same individual. If mul-
tiple or inconsistent records regarding
incident diabetes were present, we kept
only the first record to minimize recall
bias.

Statistical Analysis
Weperformedall theanalyses separately
for men and women. We also divided

participants of each sex into five groups
according to quintiles of dietary heme
and nonheme iron intake. In the de-
scriptive analyses, we calculated means
(SDs) and medians (interquartile ranges
[IQRs]) for continuous variables and
counts (percentages) for categorical var-
iables. For tests of linear trend across
quintiles, we used linear regression for
continuous variables (with the median
intake of each quintile as the variable
included in themodel) andx2with linear-
by-linear association test for categorical
variables.

We set the baseline for each partici-
pant as the year of his or her first entry
into the survey with a complete dietary
record. The follow-up person-time for
each participant was calculated from
baseline until a first diabetes diagnosis,
the last survey round before the partic-
ipant’s departure from the survey, or the
end of the latest survey (2015), which-
ever came first. We calculated incidence
rates for diabetes by dividing the number
of new diabetes cases by person-years of
follow-up in each quintile.

We used Cox proportional hazards
regression models to estimate hazard
ratios (HRs) and corresponding 95% CIs
for developing diabetes, adjusting for
potential confounders that were fre-
quently controlled in previous prospec-
tive studies that explored the relation
between iron intake and diabetes risk.
The Cox models were stratified by the
year participants entered this study. To
test the proportional hazards assump-
tion, we conducted likelihood ratio tests
to assess the significance of interaction
terms of categories of intake and log-
transformed follow-up time. No signifi-
cant outcome was found concerning
dietary exposures, which indicated that
HRs for exposures remained reasonably
constant over time. For the calculation of
HRs among quintiles, the lowest intake
quintiles were used as reference.Models
were adjusted for covariates in a step-
wise procedure. Model 1 was adjusted
for age, BMI, and dietary intake of TE.
Model 2 was further adjusted for other
nondietary factors, including residence
area, highest education level, household
income level, PAL, smoking status, alco-
hol consumption, and history of hyper-
tension at baseline. Model 3 was further
adjusted for dietary intake of carbohy-
drates, protein, ratio ofmonounsaturated
fat (MUFA)-to-saturated fat (SFA) intake,

ratio of polyunsaturated fat (PUFA)-to-
SFA intake, cholesterol, magnesium, ce-
real fiber, vegetables, and fruits. Mutual
adjustment was performed for dietary
heme iron and nonheme iron intake.
Tests for trend for HRs were conducted
using the median value for each quintile
of intake as a continuous variable.

To evaluate the potential effect mod-
ification, we conducted stratified analy-
ses according to age (,50 or$50 years),
BMI (,24 or$24 kg/m2), smoking status
(ever and current, or never), and alcohol
consumption (yes or no). For each factor,
we generated a multiplicative term by
multiplying the median value of iron
intake (mg/day) by dichotomized varia-
bles used in the multivariable model,
assessing interactions with a likelihood
ratio test.

We also used restricted cubic splines
(RCS) to test for linearity and explore the
shape of the dose-response association
between dietary heme, nonheme, and
total iron intake and diabetes risk in the
multivariable-adjusted Cox regression
analyses (model 3) for men and women,
separately. We kept the 10th, 50th, and
90th percentiles as the knots and set the
median intake as the reference. The SAS
macro program %RCS_Reg for curve fit-
ting was provided by Desquilbet and
Mariotti (36).

All P values were two-sided, and P ,
0.05 was considered statistically signifi-
cant. All analyses were conducted using
SAS 9.4 (SAS Institute, Cary, NC) and
SPSS for Windows version 20.0 (IBM
Corporation, Chicago, IL) software.

RESULTS

The present analysis included 17,026
participants. The median intake of total,
heme, and nonheme iron was 23.0,
0.75, and 22.0 mg/day among men, and
20.0, 0.63, and 19.1 mg/day among
women, respectively. At baseline, men
withhigherheme iron intakehadahigher
BMI, lower PAL, and higher education
and income levels and were more likely
to be urban residents and alcohol con-
sumers. Men with higher nonheme iron
intake had a higher BMI, lower income
level, and higher prevalence of hyper-
tension andweremore likely to be urban
residents (Table 1). Among women, the
distributions of nondietary factors were
mainly similar to that among men. Ad-
ditional findings were that women with
higher heme iron intake were less likely
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to be former or current smokers. Higher
nonheme iron intake was also associated
with higher prevalence of hypertension
in women, but the opposite association
wasobserved for heme iron intake (Table
2). In both men and women, the intakes
ofmost other nutrients all increasedwith
quintiles of heme iron intake, except that
intakes of TE, carbohydrates, magne-
sium, and cereals fiber decreased. With
increasedquintilesofnonhemeiron intake,
the intakes of most other nutrients also
increased, except that intakes of SFA,
PUFA,MUFA,andheme irondecreased in
both sexes.
During a median of 11 years of follow-

up (202,138 person-years), we ascer-
tained that 547 men and 577 women
developed diabetes. The median age for

men and women when first diagnosed
with diabetes was 55 and 59 years, re-

spectively. We observed that heme iron

intake was not significantly associated
with diabetes risk in either sex (Table 3).

After adjusting for nondietary and di-

etary factors, nonheme iron intake nega-

tively correlated with diabetes risk in
women, whichwasmarginally significant

(P-trend 5 0.080). In men, HRs (1.00,

0.77, 0.72, 0.63, 0.87) across quintiles of
intake suggested a negative association,

but the P-trend of 0.683 suggested that

a linear trend between nonheme iron and

diabetes risk was not statistically signif-
icant. For total iron intake, the results

were similar to that of nonheme iron

intake (Table 3).

In the analysis of effect modification
(Supplementary Table 1), we did not
observe significant effect modifications
in stratified analyses except that among
men, the negative association between
nonheme iron and diabetes risk might
havebeenstrongeramongformerorcurrent
smokersthannonsmokers(P-interaction5
0.030). In fact, theHRfor thehighestversus
lowest quintile of nonheme iron intake
was 1.37 (95% CI 0.79–2.38) among non-
smokers and 0.70 (0.48–1.03) among
former or current male smokers.

RCS analysis showed no association
between heme iron intake and diabetes
risk ineithermen(P-overall association5
0.358) (Fig. 1A) or women (P-overall
association5 0.155) (Fig. 1B). However,
therewas a significant nonlinear association

Figure 1—Multivariable-adjusted HRs (black solid lines) and 95% CIs (dotted and dashed lines) for risk of diabetes according to dietary intake of heme
(A and B), nonheme (C and D), and total (E and F) iron in men and women, respectively, in model 3. The median intakes were set as references (gray
solid lines) (HR 5 1.00). CL, confidence limit.
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between nonheme iron intake and di-
abetes risk in bothmen (P-nonlinearity5
0.0015) (Fig. 1C) and women (P-non-
linearity ,0.0001) (Fig. 1D). A similar
association occurred between total iron
intake and diabetes risk in both men (P-
nonlinearity50.003) (Fig.1E) andwomen
(P-nonlinearity50.0001) (Fig.1F).Among
men, the dose-response relationship be-
tween nonheme and total iron intake and
diabetes risk followed a reverse J shape,
suggesting that when intake was rela-
tively low, there was a negative corre-
lationbetween intakeandrisk.Meanwhile,
when nonheme iron intake exceeded
41 mg/day or total iron intake exceeded
46mg/day, the HR increased significantly.
Among women, the first half of the

nonheme-diabetes and total iron-diabetes
association curves was similar to that
among men. Although the latter half of
the curves seemed to have an upward
trend, the HRs of higher intakes were
not significant relative to the median
intake level according to the CIs, which
seemedmore like L-shaped associations.

CONCLUSIONS

This prospective analysis examined the
association between dietary heme, non-
heme, and total iron intake and risk of
diabetes among a large sample of Chi-
nese adults. Nonheme and total iron
intake each showed a nonlinear associ-
ation with diabetes risk. At relatively low
levels, relatively higher intake of non-
heme or total iron was associated with a
lower risk of diabetes. However, when
nonheme or total iron intake exceeded
certain thresholds, relatively higher in-
take increased the risk of diabetes among
men. In contrast, heme iron intake was
not associated with diabetes risk.
Several previous studies have shown

a positive association between heme
iron intake and the risk of developing
diabetes. In a meta-analysis (14) of five
prospective studies (four conducted in
a Western and one conducted in a Chi-
nese population), investigators reported
a pooled relative risk of 1.33 (95% CI
1.19–1.48; P, 0.001) in individuals with
the highest level of heme iron intake
compared with that of the lowest level.
Subsequently, in a prospective study of
Chinese descendants resident in Singa-
pore (22), heme iron was reported to be
positively associated with a higher risk of
diabetes.

The current study found no significant
association between heme iron intake
and diabetes risk. However, our results
are not unique. In a prospective cohort
study of the Japanese population (20),
dietary heme iron intake had no significant
correlation with diabetes. The authors
(20) hypothesized that this result might
have been due to very low dietary intake
of heme iron (mean intake 0.2 mg/day)
among the Japanese, which was much
lower than the European (1.8 mg/day)
and Chinese (1.5 mg/day) equivalent. In
the present analysis, the median intake
of heme iron was 0.75 and 0.63 mg/day
for men and women, respectively, which
was much lower than reported in pre-
vious studies and likely not high enough
to increase diabetes risk. Our result
suggests that the association between
heme iron and diabetes is dose depen-
dent, and low intake may not pose a risk.

Because nonheme iron accounts for
the majority of total iron consumption in
Western and Eastern diets, the results
were always consistent; therefore, we
discuss both types of iron intake together.
Previous studies have reported inconsis-
tent findings regarding the association
between nonheme or total iron intake
and risk of diabetes. Two prospective
studies involving American women (18)
and Chinese adults (22) found no asso-
ciations between nonheme iron intake
and diabetes risk. Moreover, two other
prospective studies (16,17) based in the
U.S. reported no association between
total iron intake and diabetes risk. Con-
versely, in a prospective study involving
Chinese men (19) and Japanese adults
(20), total iron intake was positively
associated with diabetes. Meanwhile,
a study involving American women (21)
showed an inverse association between
nonheme iron intake and diabetes risk.

The decreased risk of diabetes asso-
ciated with nonheme iron intake might
be ascribed to other nutrients and un-
known components of the main dietary
sources of nonheme iron, such as grains,
fruits, and vegetables (21). Nevertheless,
in the present analysis, the results for
nonheme iron remained a marginally
significant negative correlation, even af-
ter adjusting for cerealsfiber, vegetables,
and fruits in women and in men when
intakes were at relatively low levels,
which suggests that dietary protective
ingredients in themain dietary sources of
nonheme iron could not explain this

association. Aswe know, iron constitutes
the metal nucleus of many cellular en-
zymes and is important for most cellular
processes, including insulin secretion,
b-cell metabolism (7), and antioxidant
defense system function (37). Therefore,
it is necessary to consume a sufficient
amount of iron to maintain normal glu-
cose metabolism, which might underlie
the inverseassociationbetweendiabetes
risk and nonheme and total iron intake
observed in this study.

In the current study, when nonheme
or total iron intake exceeded certain
thresholds, the risk no longer decreased
and became nonsignificant in women,
while higher intake was associated with
increased riskof diabetes inmen. This sex
difference might be due to the differ-
ences in iron storage between men and
women. Men tend to have higher serum
ferritin concentrations thanwomen (38),
which is a finding also confirmed by our
previous study (24), while women are
more inclined not to retain excess iron
because of menstruation. As such, men
tend to accumulate more body iron than
womenwhenconsuming theirusualdiets.
Furthermore, a study reported that ele-
vated concentration of ferritin is signifi-
cantly relatedwith a higher risk of diabetes
among men but not among women (39),
which also suggests this sex difference. A
higher body iron accumulation rate in
men might be associated with acceler-
ated oxidative stress, which can damage
the islet cells, affect insulin secretion, and
exacerbate insulin resistance (3,6).

The strengths of this study include the
prospective cohort design, long follow-up
period, and repeated dietary assessments
with the use of 3-day dietary records.
Furthermore, we controlled for a number
of dietary and nondietary covariates to
reduce the confounding effects, although
unmeasured and residual confounding
remains possible.

Nevertheless, our study has several
limitations. First, the ascertainment of
diabetes was based on a questionnaire,
which might have led to misclassification
of theoutcome. Second, this studydid not
distinguish between type 1 and type 2
diabetes. Third, the available Chinese
Food Composition Tables contained no
data onheme iron content, and the rough
estimate (40%) might have resulted in a
discrepancy between the estimate and
the true value. Fourth, in our study, in-
formationon some important factors that
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may potentially be associated with di-
abetes risk, such as family history of di-
abetes, nonalcoholic fatty liver disease,
drug consumption, glycemic load, and
trans–fatty acid intakewere not available.
Becauseof these limitations,we could not
reach a sound conclusion. Finally, this
population consumed a predominantly
plant-based diet, with a relatively low
intake of heme iron; thus, our results
may not be generalizable to populations
with high heme iron consumption. Fur-
ther high-quality prospective studies that
account for all likely confounders and
take a more credible approach to identify
outcome are needed to confirm the as-
sociation between iron intake and diabe-
tes risk in a population that consumes a
plant-based diet.
In summary, the association between

dietary intake of nonheme or total iron
and diabetes risk was nonlinear, follow-
ing an L shape among women and a
reverse J shape amongmen. Appropriate
nonheme or total iron intake was pro-
tective against diabetes in both sexes in
this study, while excessive intake in-
creased the risk among men.
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